We have demonstrated recombination of bacteriophage T7 DNA in vitro. An extract of Escherichia coli B cells infected with wild-type T7 (17+) is incubated with mature DNA extracted from T7 phage. Packaging of the exogenous DNA within the phage head appears to be preceded by recombination of exogenously added DNA with DNA present in the extracts. In order to detect the recombination, we used an exogenous DNA bearing a marker (ss-) such that progeny phage which have packaged this marker are able to plate on Shigella sonnei D2 57148, whereas T7+ phage present in the extracts do not. The recombinational process bears many of the characteristics of in vivo recombination. The exogenous DNA is not packaged intact but undergoes fragmentation to a length of about 3000 base pairs before being incorporated into a mature DNA molecule. If ss-DNA bearing an amber mutation is used in the assay, the frequency of amber+ progeny produced varies with the distance of the amber marker from the ss-marker. When DNA bearing three mutations is used in the reaction, phage heterozygous for the unselected marker are readily detected. Finally the products of phage genes 4 (DNA replication protein), 5(DNA polymerase), and 6(exonuclease), genes previously implicated in recombination in vivo, are required for the in vitro reaction. We recently described an efficient in vitro complementation system which was capable of packaging and maturing bacteriophage T7 DNA (1). In this assay, the immature DNA present in a phage-infected cell extract lacking head precursors was packaged within head precursors of a complementing T7-infected extract, leading to the formation of mature infectious phage.
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The recombinational process bears many of the characteristics of in vivo recombination. The exogenous DNA is not packaged intact but undergoes fragmentation to a length of about 3000 base pairs before being incorporated into a mature DNA molecule. If ss-DNA bearing an amber mutation is used in the assay, the frequency of amber+ progeny produced varies with the distance of the amber marker from the ss-marker. When DNA bearing three mutations is used in the reaction, phage heterozygous for the unselected marker are readily detected. Finally the products of phage genes 4 (DNA replication protein), 5(DNA polymerase), and 6(exonuclease), genes previously implicated in recombination in vivo, are required for the in vitro reaction. We recently described an efficient in vitro complementation system which was capable of packaging and maturing bacteriophage T7 DNA (1) . In this assay, the immature DNA present in a phage-infected cell extract lacking head precursors was packaged within head precursors of a complementing T7-infected extract, leading to the formation of mature infectious phage.
In the course of extending this work, we also found that it was possible to detect the encapsulation of mature DNA extracted from phage particles. To our surprise, the mature DNA appeared not to be packaged intact, but was found to recombine with DNA present in a cell-free extract prior to encapsulation within the phage head.
Phage T7 may be a useful system in which to study the mechanism of recombination in vitro because of the high frequencies of recombination exhibited in vivo, the relatively small size of its DNA, and the availability of a wide range of mutants (2, 3) . Many of the gene products which have been implicated in T7 recombination in vivo are available in purified form (4) (5) (6) (7) (8) (9) .
A study of in vitro recombination would be greatly aided by a sensitive biological assay to detect genetic recombinants. However, infectivity assays of T7 DNA are very inefficient (10) and appear to lack the sensitivity which might be needed. The system described here appears to have the required sensitivity in that recombinant DNA is detected as infectious DNA which is encapsulated within viable phage particles.
MATERIALS AND METHODS
Bacterial and Phage Strains. Escherichla coli B was used as the nonpermissive host and E. coli 011' (2) and E. coli BBW/1 (11) were the permissive hosts for amber mutants.
E. coli BL2 [iig-, no suppressor activity (Su0)] was from F. W. Studier (12) . Shigella sonnei D2 571-48 (Su0) and a Su+ derivative (Shigella sonnei [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] were obtained from R. Hausmann (13 7.4 with NaOH. The concentrations of tryptone and yeast extract were doubled to make 2 X LB. T7 diluent consisted of 0.02 M Tris-HCl buffer, pH 7.4, 10 mM MgSO4, 0.5% NaCl, and 10 ttg/ml of gelatin (1, 14) . CA medium contained per liter 2.0 g of vitamin-free casamino acids, 5 .0 g of NaCl, 1.0 g of NH4Cl, 12 .0 g of Tris base. The pH was adjusted to 7.4 with HC1 and after autoclaving 2 ml of 20% glucose was added per liter of medium. Fluorodeoxyuridine (FdUrd) was obtained from Sigma and 5-bromodeoxyuridine (BrdUrd) was purchased from Calbiochem.
Carrier-free [32P]orthophosphoric acid was from New England Nuclear.
Growth of Phage Stocks. High titer stocks were prepared in 2 X LB medium as described previously (14) . To obtain 32P-, density-labeled phage, overnight cultures of E. coli B or BBW/1 grown in CA medium were diluted 50-fold into 250 ml of CA medium and grown at 300 to a cell density of about 1 X 108 per ml (OD65o = 0.08). FdUrd and BrdUrd were added to final concentrations of 10 ,ug/ml and 200 jig/ml, respectively, and H332P04 was added at a concentration of 5 ,uCi/ml. Shaking was continued for 3.5 hr, by which time cell growth ceased (OD65o = 0.35). The appropriate phage was added at a multiplicity of 10 Fractionation of Extracts. One milliliter sonicated extract was fractionated by differential centrifugation as follows. The supernatant obtained after centrifugation at 12,000 X g for 10 min (Sorvall SS34 rotor) was centrifuged at 100,000 X g for 1 hr in the IEC A270 rotor. The pellet was resuspended in 0.1 ml of T7 diluent and dialyzed Fig. 2 . The phage were banded as in Fig. 2a and the DNA was extracted with phenol. (a) An aliquot (0.8 ml) was sonicated for 10 sec (Branson sonicator, microtip, half maximal power) and (b) another was left untreated. Both samples were banded in CsCl as in Fig. 2b were incubated at 370 for 30 min (or at 30°for 60 min) and then at 220 overnight. This procedure was necessary to obtain a high plating efficiency for ss-phage and to prevent the large numbers of ss+ phage present in the extracts from obscuring the lawn. With this procedure 5 X 107 to 1 X 108 ss+ phage could be plated without forming a plaque on a lawn of Shigella. (Large numbers of ss+ phage will ultimately clear a lawn of Shigella if left long enough at 370.) RESULTS Recombination and Packaging of ss-DNA by 17+ Extracts. When mature T7 ss-DNA was incubated with an extract from T7+-infected cells, a high titer of ss-phage resulted. -The titer of ss-phage produced varied over a wide range of added DNA concentrations (Fig. 1) and reached a plateau at a titer of 1 to 2 X 1010 ss-phage per ml. This represents an efficiency of packaging of ss-DNA into infectious particles of as high as 5%. With 0.01 nmol of ss-DNA nucleotide added, about 108 ss-phage per ml of reaction mixture were produced. This is three orders of magnitude above the background level of spontaneous ss-phage mutants in the extract.
Involvement of Phage Genes in the Recombination Reaction. Defects in T7 phage DNA synthesis are not accompanied by a corresponding defect in the synthesis of phage structural proteins or phage head precursors (1, 3) . Hence, if the exogenous mature DNA were being packaged directly, this process might be expected to occur in vitro in spite of mutations which interfere with phage DNA replication. However, if the exogenous DNA were recombining with endogenous DNA prior to packaging, a defect in genes involved in DNA metabolism might interfere with the packaging reaction.
In order to examine this question, recombination-packaging reactions were done with extracts made from T7+ and T7 amber-mutant-infected cells. From the results shown in Table 1 , it may be seen that extracts from cells infected with amber mutants in genes 4, 5, and 6 are defective in recombination-packaging activity. The gene 2-and gene 3-extracts have essentially normal activity.
Finally, the recombination-packaging activity is reduced in extracts from T7 gene 1.3-infected cells. The host ligase seems to play a minor part in the reaction since the activity was little decreased when an extract from a T7+-infected ligase-host was used. However, it appears that the host ligase can substitute to a limited extent for the phage ligase since there was a further 10-fold decrease in activity in extracts from a ligase-deficient host infected with ligase-phage. From these data we concluded that the reaction required the action of phage genes 1.3, 4, 5, and 6.
Physical Evidence for Recombination Prior to Packaging of DNA. In order to examine whether the exogenous DNA was being packaged intact or was recombining with endogenous DNA prior to packaging, T7 DNA density-labeled with BrdUrd and radiolabeled with 32P was incubated with a fractionated, dialyzed extract from T7+-infected cells. After treatment with DNase, the phage were banded in a CsCl gradient in the presence of [3H]dThd-labeled light marker phage. The resulting phage had a density about 0.02 g/cm3 greater than fully light marker phage (Fig. 2a) but less than fully heavy phage. DNA extracted from the intermediate density phage also banded at a position between fully light and heavy DNAs (Fig. 2b) . From this experiment it appears that about two-thirds of the packaged DNA arose from the exogenous DNA, whereas one-third came from the endogenous DNA.
These experiments were done in the presence of ATP but in the absence of other triphosphates. Under these conditions no replication of exogenous light DNA is demonstrable using exogenously added BrdUrdTP and ATP and banding the DNA in CsCl. Thus the above results are unlikely to be due to semiconservative replication of the DNA in vitro.
It was of interest to know the size of the fragment(s) of exogenous DNA that were being recombined into the endogenous DNA. To determine this, the density-labeled, packaged DNA was subjected to shear degradation (sonication) to a size of about %A5 the length of intact T7 DNA (determined by neutral sucrose density gradient centrifugation). If the fragments of heavy DNA incorporated were larger than 'A5 the length of mature T7 DNA, one would expect the shear degradation to cause a shift of the 32P radioactivity back to the fully heavy position in a CsCl gradient (16) . However, sonication did not shift the buoyant density of the DNA significantly (Fig. 3) . Hence we concluded that most of the fragments of DNA undergoing recombination with the endogenous DNA are less than about 3000 base pairs long. Exchange of Genetic Markers During Physical Exchange of DNA. The above experiments indicated that an exchange between exogenous and endogenous DNA was occurring. Such breakage and reunion is consistent with current models of recombination (17) . It was, therefore, of interest to determine whether this system exhibited features compatible with genetic recombination mechanisms in vivo. One obvious prediction of a recombinational model would be "linkage" observed in the in vitro system should be similar to that deduced from studies of recombination in vivo. To examine this question, a series of ss-phage strains carrying various amber markers was constructed. DNA extracted from these phages was then added to extracts from T7+-infected cells and the genotype of the progeny was determined by plating on Su+ and Su°strains of Shigella.
If the exchange between exogenous and endogenous DNA occurs by a recombination-like event, the proportion of amber+ ss-"recombinants" should increase as the distance between the ss and amber markers increases. This prediction is borne out by the data in Table 2 , where it can be seen that there is a gradient of "recombination frequencies" as one progresses away from the ss-marker. [The ss gene was originally mapped close to gene 4 (23) . However, recent experiments indicate that it more likely maps near gene 9 (R. Hausmann, unpublished).] For amber markers a great distance from the ss marker (e.g., gene 17) the majority of ssphage produced are amber+.
A further feature of many models of recombination (17) (18) (19) (20) is the requirement for a heteroduplex region of DNA in the region of recombination. This should result in heterozygosity of an unselected marker during recombination. To determine whether such heterozygotes occur during recombination in vitro, the "cross" shown diagrammatically in Fig. 4 was performed. DNA bearing an amber marker in From the above physical and genetic studies, it would be predicted that there should be a correlation between the likelihood of physical exchange of DNA molecules and the frequency of genetic recombination. This prediction was tested by incubating 32p_, density-labeled DNA, which also contained the ss-marker and an amber marker in gene 17, in the presence of a T7+-infected cell extract. After DNase treatment, the phage were centrifuged to equilibrium in a CsCl density gradient. The titer of the total ss-progeny and of ss-amber+ "recombinant" progeny was determined by plating the individual fractions on the appropriate strain of Shigella. The results of this experiment are shown in Fig. 5 . The ratio of the ss-, amber+ recombinant phage to the total (4, 5) , are also required for in vitro recombination.
The system is dependent upon Mg++ ions and a single triphosphate (ATP or dATP). The ATP is probably needed as a cofactor for the T7 ligase (21), although other roles for ATP cannot be excluded. The absence of a requirement for deoxynucleoside triphosphates, in view of a requirement for the phage DNA polymerase, is surprising, since repair synthesis is thought to be a prerequisite of recombination (22) . We cannot, however, exclude a limited amount of repair synthesis in this system. Alternatively, the polymerase may have another function in recombination (e.g., an exonucleolytic function).
The availability of a system for exchange of DNA molecules in vitro should permit a variety of studies of the proteins and intermediates involved in recombination.
